Numerous sequences of the cytochrome bd quinol oxidase (cytochrome bd) have recently become available for analysis. The analysis has revealed a small number of conserved residues, a new topology for subunit I and a phylogenetic tree involving extensive horizontal gene transfer. There are 20 conserved residues in subunit I and two in subunit II. Algorithms utilizing multiple sequence alignments predicted a revised topology for cytochrome bd, adding two transmembrane helices to subunit I to the seven that were previously indicated by the analysis of the sequence of the oxidase from E. coli. This revised topology has the effect of relocating the N-terminus and C-terminus to the periplasmic and cytoplasmic sides of the membrane, respectively. The new topology repositions I-H19, the putative ligand for heme b 595 , close to the periplasmic edge of the membrane, which suggests that the heme b 595 /heme d active site of the oxidase is located near the outer (periplasmic) surface of the membrane. The most highly conserved region of the sequence of subunit I contains the sequence GRQPW and is located in a predicted periplasmic loop connecting the eighth and ninth transmembrane helices. The potential importance of this region of the protein was previously unsuspected, and it may participate in the binding of either quinol or heme d. There are two very highly conserved glutamates in subunit I, E99 and E107, within the third transmembrane helix (E. coli cytochrome bd-I numbering). It is speculated that these glutamates may be part of a proton channel leading from the cytoplasmic side of the membrane to the heme d oxygen-reactive site, now placed near the periplasmic surface. The revised topology and newly revealed conserved residues provide a clear basis for further experimental tests of these hypotheses. Phylogenetic analysis of the new sequences of cytochrome bd reveals considerable deviation from the 16sRNA tree, suggesting that a large amount of horizontal gene transfer has occurred in the evolution of cytochrome bd. ß 1999 Elsevier Science B.V. All rights reserved.
Introduction
In Escherichia coli, cytochrome bd is a terminal oxidase in the branched electron transport chain. It is expressed during both aerobic and anaerobic growth conditions, but the expression level is highest when the bacterium is growing in aerobic stationary phase or in low oxygen environments [1, 2] during which times it is the primary respiratory oxidase. Cytochrome bd has a remarkably high a¤nity for oxygen [3, 4] and catalyzes the four-electron reduction of oxygen to water. When the reductant, quinol, is oxidized it releases protons on the periplasmic side of the membrane. Since protons are taken up from the Fig. 1 . Alignment. These were created using PILEUP in the GCG software package with gap creation and extension penalties of 3.0 and 1.0, respectively, followed by manual adjustment. VC23 is a fragment that must come from either VcII or VcIII, but which one is not known. cytoplasmic side to make water [5^8], an electrochemical gradient results that is available for various processes such as the production of ATP, membrane transport and £agellar motion [9^11] . Sequence alignments clearly categorize the cytochrome bd oxidases as unique and not homologous to the superfamily of heme^copper terminal oxidases that includes cytochrome c oxidase [12, 13] . In contrast to the heme^copper oxidases, cytochrome bd oxidases do not pump protons [14] . The fact that the enzyme does not pump protons may contribute energetically to its high a¤nity for oxygen and high catalytic e¤-ciency [15] . In general, relatively little is known about what advantages using a cytochrome bd terminal oxidase instead of a heme^copper oxidase confers on an organism. In E. coli, cytochrome bd may be im- x GenBank : AF016485; y Genbank: AF2297, [68] .
portant during the transition between anaerobic and aerobic growth conditions, presumably scavenging deleterious molecular oxygen and other reactive oxygen species from the cell [16] . Other intriguing roles of cytochrome bd are also slowly coming to light. For example, in the alimentary tracts of young chickens, non-virulent strains of Salmonella typhimurium must have a functional cytochrome bd in order to suppress growth and colonization by virulent S. typhimurium strains [17] . Also, increased production of cytochrome bd in Klebsiella pneumoniae elevates the level of nitrogen ¢xation by the organism [18] . Although immunological studies have indicated for some time that cytochrome bd is relatively widespread among the Gram-negative bacteria [19] , the lack of sequence data has hampered studies on cytochrome bd.
The two-dimensional topology of cytochrome bd has been predicted based on Kyte^Doolittle [20] and Goldman^Engleman^Steitz [21] hydropathy plots of the amino acid sequence [22^26]. Subunit I was predicted to contain seven transmembrane helices with the N-terminus located in the cytoplasm and the C-terminus in the periplasm. Subunit II was predicted to have eight transmembrane helices with both termini found in the periplasm.
Partial proteolysis [27] and monoclonal antibody binding [28] studies found that a large, hydrophilic domain on the periplasmic side of the membrane [29] is necessary for quinol oxidation. This domain, known as the Q-loop, is located in subunit I, and covalent modi¢cation with a photo-reactive quinol analogue indicates that it contributes at least in part to the quinol binding site [30] . Proximity mapping using an arti¢cial protease has demonstrated that the Q-loop is adjacent to a portion of the subunit II polypeptide located between the ¢rst two transmembrane spans [31] . Hence, this region of subunit II must also be located on the periplasmic side of the membrane.
Other approaches have also provided information about the protein topology. Based on thiol reactivity with Ellman's reagent [32] , which reacts only with cysteines that are solvent accessible [33] , none of the cysteines in the protein are solvent accessible. This would be consistent with a model in which the endogenous cysteines are all located in buried transmembrane regions of the protein [31] . The gene fu- sion approach, using L-galactosidase [23] and alkaline phosphatase [26] fusions has provided considerable information about the topology of each of the two subunits. However, it has been noted that certain elements of these data do not ¢t the predictions based on the hydropathy pro¢le for subunit I from E. coli [23, 26] .
The three-dimensional structure of cytochrome bd is known only at a very rudimentary level. It is a heterodimeric [34] integral membrane protein composed of subunits I and II, which are 58 and 43 kDa, respectively [35, 36] . It contains three prosthetic groups: heme b 558 , heme b 595 and heme d. Hemes b 558 and b 595 are protoporphyrin IX while heme d is a chlorin [37] .
Heme b 558 is the initial electron acceptor from quinol [38] . Heme b 558 is low-spin, six-coordinate and is located entirely within subunit I [39] . It has been shown that this low-spin heme has histidine/methionine ligation, with H186 in subunit I (I-H186) [40] and I-M393 [41] as the two axial ligands.
Hemes b 595 and d appear to form a heme^heme binuclear center where the oxygen chemistry occurs [42, 43] . Heme b 595 is high-spin, ¢ve-coordinate and I-H19 has been proposed to be its axial ligand [40, 44, 45] . Heme d is high-spin and appears to be virtually always ¢ve-coordinate [45] , even though this heme binds O 2 , CO and cyanide [46^52] . A protein-based axial ligand for heme d has remained enigmatic. Although electron nuclear double resonance (ENDOR) studies indicate that the ligand is not nitrogenous when heme d is oxidized [53] , electron paramagnetic resonance (EPR) work suggests that when heme d is reduced the ligand is nitrogenous [43] . Another EPR study, on oriented bilayers, indicated that hemes b 558 and d are oriented at an angle of 90³ with respect to the plane of the membrane while heme b 595 is at an angle of 60³ [54] .
Progress using site-directed mutagenesis as a probe of structure and function of cytochrome bd has been slow because the relatively few sequences that have been available until recently, are closely homologous, leaving a large number of apparently conserved residues, the mutagenic targets of choice. Recently, however, a substantial number of sequences encoding cytochrome bd have become accessible from numerous bacteria as well as several archaea. In this report, these sequences are used to re-evaluate the topology of subunit I of cytochrome bd, assigning it nine transmembrane helices instead of the previous seven. This revised topology is compatible with most of the available structural data, and suggests that all three of the heme prosthetic groups are located near the periplasmic side of the membrane. On the periplasmic edge of one of the new proposed transmembrane spans is a newly revealed conserved region of subunit I, containing the sequence GRQPW. This is the most conserved region of the protein and it is an obvious candidate for participating in either the binding of quinol, or possibly, heme d. Additionally, phylogenetic analyses suggest that cytochrome bd has been horizontally transferred between prokaryotes a number of times, producing an evolutionary tree substantially di¡erent from the canonical one based on 16sRNA. 
Experimental procedures

Sequence analysis
Homology searches were performed with the BLAST 2.0 program [55] accessible at the National Center for Biotechnology Information (URL: http:// www.ncbi.nlm.nih.gov) or using BLAST [56] in the GCG package (Wisconsin Package Version 9.0, Genetics Computer Group (GCG), Madison, WI). The TBLASTN method was used for all searches. Sequences were obtained from GenBank [57] , The Institute for Genomic Research (TIGR), or other services (see Table 1 ). All sequences were inspected for frameshift errors and corrected when possible. Multiple sequence alignments of the cytochrome bd sequences were performed using the program Pileup in GCG. Gap creation and extension penalties used were 3.0 and 1.0, respectively. At certain regions, the alignments had to be adjusted manually using the sequence editor in GCG. The resulting alignments were submitted to two di¡erent algorithms for predicting transmembrane helices in membrane proteins based on multiple sequence alignments: PHDtopology [58^61] (URL: http://www.embl-heidelberg.de/ predictprotein/predictprotein.html) and TMAP [62] (URL: http://www.embl-heidelberg.de/tmap/). Hydropathy pro¢les of single sequences were created using the Kyte^Doolittle algorithm [20] in the program GREASE [63] . Plots of amino acid location on a transmembrane helix were made using the program HelicalWheel in GCG.
To estimate the evolutionary distances, phylogenetic trees were created using four programs in the Phylip package [64, 65] . SEQBOOT was used to bootstrap the sequences and create 100 data sets. Then, PROTDIST and the Dayho¡ PAM matrix were used to create a distance matrix for the each randomly ordered data set. Next, NEIGHBOR was used to construct neighbor-joining trees [66] from the distance matrix. Finally, CONSENSE was used to select to determine the consensus tree. The trees were plotted with TreeView [67] .
Sequencing
Sequencing and synthesis of all oligonucleotide primers used for sequencing was done by the Genetic Engineering Facility at the University of Illinois (Urbana, IL).
Results
Sequence analyses
The cytochrome bd sequences available are shown in Table 1 . There are 22 complete and eight partial sequences for subunit I. For subunit II, there are 20 complete and eight partial sequences. Twenty-six different organisms are represented. Five organisms contain multiple cytochrome bd sequences. In addition, the complete genome of Archaeoglobus fulgidus contained a second subunit I sequence (Genbank: AF2296) [68] with some homology to subunit I. This sequence was not included in this analysis, however, because its C-terminus is shortened by over 100 residues and it is highly divergent. It is intriguing that no subunit II homologue was found in the A. fulgidus genome. Despite biophysical evidence to the contrary [69] , a cytochrome bd sequence was not found in the complete genome of Helicobacter pylori [70] .
The sequence for E. coli cytochrome bd-I has been reported three times. The two genomic sequences of E. coli recently reported [71, 72] provide a sequence for cytochrome bd-I di¡ering in three amino acids from the cloned sequence initially deposited [73] . All three amino acids are located in subunit I. With the genomic amino acid denoted on the left and the original sequence on the right followed by the residue number, they are ML121, FL213 and ML481. The cloned sequence was reexamined, con¢rming in part the original sequencing of these genes. Residues 121 and 481 in subunit I are, in fact, leucines. Residue 213 in subunit I, though, is a phenylalanine, indicating either that the original submission contained a sequencing error at this position or that a mutation was acquired at some point in the laboratory.
An alignment of the cytochrome bd sequences indicates that 20 residues in subunit I (Fig. 1) and two in subunit II (Fig. 2) are completely conserved. The heme ligands I-H19, I-H186 and I-M393 are the only conserved histidines and methionines (other than the initiating methionines). As noted previously for Pabd (Pseudomonas aeruginosa) [22] , the C-terminal third of the Q-loop, approximately from I-L310 to I-P385, is also not present in a number of other sequences ( Table 1) .
The new topology prediction is based on multiple sequence alignments of the 22 complete sequences available for subunit I and the 20 for subunit II. Fig. 3 illustrates the di¡erences in Kyte^Doolittle hydropathy pro¢les between individual sequences. The use of multiple sequences for the topology prediction allows the algorithm to see beyond these variations between sequences and produce a more accurate result. The algorithm predicts the location of transmembrane helices and whether loops are cytoplasmic or periplasmic. The predicted topologies for subunits I and II are shown in Fig. 4 and Fig. 5 , respectively. Two new transmembrane helices are predicted in subunit I. There is a transmembrane helix beginning at I-W55 and ending with I-T69 and the N-terminus is now located in the periplasm. Also, there is a transmembrane helix beginning with I-R424 and terminating at I-W441, relocating the C-terminus of subunit I to the cytoplasmic side of the membrane. Additionally, transmembrane helix II in subunit II is highly unusual in that it is predicted to be some 32 amino acids long. It was manually truncated at 24 residues for Fig. 5 .
Four highly conserved charged residues are located within transmembrane helices. I-E107 is completely conserved in all sequences and only two turns away from I-E99 on the same face of helix III (Fig. 6A) . In helix VII (Fig. 6B) , I-R391 is found on the opposite side of I-M393, a ligand for heme b 558 . I-R391 is an asparagine in one sequence (Fig. 1) and histidine in two others, conserving a nitrogen group capable of hydrogen bonding. The transmembrane helices in subunit II do not contain conserved residues, except II-P76.
Unrooted phylogenetic trees were made using the largest continual stretches of good sequence alignment where data are available from the most organisms. For subunit I (Fig. 7) , residues 63 to 144 were used. For subunit II (Fig. 8) , residues 51 to 214 were used. There are some expected groupings, such as that of the gamma proteobacteria clustering together, as do most of the Gram-positive bacteria, but there are also signi¢-cant exceptions. For example, the Gram-negative P. aeruginosa and one of the S. typhimurium sequences are found in a completely di¡erent region. Also, the archaeon A. fulgidus groups with Staphylococcus carnosus and one of the Bacillus subtilis sequences. Furthermore, the extremely thermophilic bacterium Thermotoga maritima is found in the Fig. 7 . Unrooted phylogenetic tree for subunit I. For sequences that are known to have or not have the C-terminal portion of the Q-loop,`Q' or`No Q', are respectively appended to the name. Residues 63 to 144 (E. coli cytochrome bd-I numbering) were used, the largest region of good alignment. The Q-loop region was not used for tree creation. midst of the gamma subclass of Gram-negative bacteria.
Discussion
Topology
Information from LacZ and PhoA gene fusions is complementary and de¢nes the topology of the protein. The previously proposed topology does not agree entirely with the LacZ and PhoA fusions [26] reported previously for subunit I of cytochrome bd from E. coli. In contrast, the revised topology proposed in the current work agrees well with the gene fusion data. The previous topology placed the C-terminus of subunit I on the periplasmic side, leaving the two active LacZ fusions in the C-terminal tail unexplained. In the new topology for subunit I, the LacZ fusions with high activity are found entirely on the cytoplasmic side of the membrane. In the old topology, the highly active PhoA fusion in the loop between helices II and III was located in the cytoplasm [26] . In the revised topology no PhoA fusions with activity are located on the cytoplasmic side of the membrane.
The revised topology remains consistent with results from chymotrypsin digestion [27] that localized the Q-loop to the periplasmic side of the membrane. It also is in accord with proximity mapping using an arti¢cial protease [31] which indicated that loop I^II in subunit II is close to and on the same side of the membrane as the Q-loop.
The topology prediction algorithms used are good at predicting the number and general location of transmembrane helices, with a reported accuracy of 86% [61] . It must be recognized, however, that the ends of the helices predicted are still imprecise and can shift several residues either way depending on which sequences are input to the program. In light of this, the following discussion will describe residues as roughly located in the cytoplasmic, middle or periplasmic third of the transmembrane helices.
One of the most interesting consequences of the revised topology is that it locates H19 in subunit I, the ligand for heme b 595 , in the periplasmic third of the membrane. If H19 is in the periplasmic third of the membrane, then heme d must also be in this region, since heme b 595 and heme d appear to share a binding pocket within the protein [42, 43] . This situation, if correct, would be similar to that of cytochrome c oxidase [74, 75] , where the dioxygen-reactive site is located near the periplasmic side of the prokaryotic membrane (intermembrane space for the mitochondrial oxidase). Since the protons required in the chemistry of making water come from the opposite side of the membrane (bacterial cytoplasm), this necessitates at least one pathway for protons to reach the active site. Cytochrome c oxidase has at least two putative channels that allow protons access to its active-site, the heme^copper binuclear center [747 7] . In principle, the network of proton-conducting channels in cytochrome bd can be less complex than those in the heme^copper oxidases, since cytochrome bd does not pump protons.
It has been suggested [24] that a protonation site is located close to heme b 595 which may be the immediate source for substrate protons, based on the sensitivity of the heme b 595 EPR signal to pH [78] and the pH-dependency of its reaction with nitrite [79] . Although subunit II does not have any conserved, hydrophilic transmembrane helices, helical wheel plots of transmembrane helix III in subunit I suggest that one face of this helix has appropriately positioned protonatable residues. The completely conserved E107 (E. coli numbering) is two helical turns directly below E99 (which is a glutamine in only one sequence (Fig. 1)) . It is conceivable that the two glutamates participate in a proton-conducting channel to the oxygen-reactive active site (heme d/heme b 595 ) from the cytoplasm. Also, T26 (subunit I, E. coli numbering), which is located in the middle of helix I below H19, is also highly conserved and could be part of a proton-conducting channel.
The quinol binding site
It has been demonstrated experimentally that the N-terminal portion of the Q-loop is somehow involved in quinol binding ( [29, 80] ). The current sequence alignments indicate there are seven sequences of cytochrome bd in which 75 residues are missing at the C-terminal portion of the Q-loop. Hence, this part of the Q-loop probably is not important for quinol binding. The revised topology locates the highly conserved GRQPW region (Fig. 1) , also on the periplasmic side of the membrane, close to the end of the new proposed transmembrane helix VIII in subunit I. Thus, this GRQPW region might contribute, along with the ¢rst part of the Q-loop, to a quinol oxidation site.
R391 in subunit I (E. coli numbering) is the only highly conserved, positively charged residue within the membrane. It is located on the opposite face of the putative transmembrane helix VII from M393 (Fig. 6B) , which is the axial ligand for heme b 558 [41] . The proximity to heme b 558 along with the sequence location of R391 at the end of the Q-loop suggests that it could participate in quinol binding or electron transfer from quinol. Semiquinones have been shown to have a functional role in other proteins [81^83] and the positive charge of R391 could help stabilize a semiquinone anion species during turnover. A thermodynamically stable semiquinone has been observed in E. coli cytochrome bd [84] . Alternatively, this arginine might interact with the propionic acid groups of heme b 558 as is the pattern observed in cytochrome c oxidase [75, 85, 86] . Mutagenesis experiments should clarify the role of R391.
The roles of multiple cytochrome bd oxidases
The adaptive responses of bacteria and archaea to a variety of growth conditions by using branched respiratory pathways and multiple terminal oxidases are well-documented [9, 11] . Several bacteria have been found to contain more than one cytochrome bd ( Table 1 ). The second cytochrome bd from B. subtilis, although related to the other low (G+C)-content Gram-positive bacterium S. carnosus, is signi¢cantly divergent from the other bacterial sequences (Figs. 7  and 8 ). The incomplete genome from Vibrio cholerae reveals two partial but unique genes encoding overlapping regions of subunit I. Remarkably, V. cholerae contains three di¡erent incomplete genes encoding subunit II, indicating that there are three di¡erent cytochrome bd oxidases in V. cholerae. The two sequences encoding subunit I in A. fulgidus are located adjacent to each other in the genome and actually overlap a few bases. Although they are in di¡erent positive reading frames it is conceivable that they form a functional heterodimer, in which case the missing subunit II in A. fulgidus is substituted by a modi¢ed version of subunit I (AfbdI). It will be interesting to see the biophysical properties of any cytochrome bd oxidase from this archaeon. Relatively little is known, however, about why a microbe speci¢cally uses multiple cytochrome bd oxidases [87] . Except for Halobacterium salinarium NRC-1 pNRC100 which has two identical sequences due to an inversion sequence [88] , all these organisms contain divergent cytochrome bd sequences. There is a second cytochrome bd encoded in E. coli (cytochrome bd-II), that is also capable of oxygen reduction coupled to quinol oxidation. Cytochrome bd-II in E. coli is encoded by AppY [89, 90] . However, expression of this protein has been achieved only under unusual conditions. Transcriptional activation of AppY was induced by a plasmid encoding a 3.4-kb region of DNA from the alkaliphilic Bacillus ¢rmus OF4 in an E. coli strain lacking the respiratory oxidases that allow respiratory growth under normal conditions, (cytochrome bd-I and cytochrome bo 3 ) due to genomic deletion [87] . It is worth noting that in E. coli, cytochrome bd-II exhibits higher sensitivity to cyanide inhibition than does the well characterized cytochrome bd-I [87] , suggesting a functional distinction. It seems likely that multiple cytochrome bd oxidases found in the same organism probably have di¡erent functional roles.
Phylogeny
Over time, naturally occurring single amino acid mutations tend to conserve only those amino acids essential for structure and function. Alignments of highly divergent sequences reveal conservation of residues that are indispensable. Larger changes in proteins are also possible, though, since lateral gene transfer can move even entire genes directly between organisms. In such cases, phylogenetic trees derived from those proteins will be di¡erent from the true evolutionary lineage of the organism. The 16sRNA phylogeny was the ¢rst to elucidate the three domains in the tree of life to be archaea, bacteria and eukaryotes and has been widely held as the standard phylogeny. Recent genomic data, however, has raised a considerable number of objections to partitioning the tree of life in this way [91^93] . It is therefore useful to compare the cytochrome bd phylogenetic trees with that of 16sRNA to further test its applicability as a general model.
It should be noted that the phylogenetic trees were created using residues outside the Q-loop (Fig. 4) . It is of interest, therefore, that sequences possessing the complete C-terminal region of the Q-loop cluster entirely within two branches of the subunit I tree (Fig.  7) and almost entirely within one branch of the subunit II tree (Fig. 8) . Moreover, organisms that do not have the sequence encoding the full C-terminus of the Q-loop dominate the rest of the tree. Since the phylogenetic trees were made without using the Q-loop region of the sequences, this provides independent support for the validity of the phylogenetic interpretation.
The phylogenetic analysis suggests that lateral gene transfer of cytochrome bd has occurred on several occasions. In support of this conclusion, a recent study of the E. coli strain MG1655 genome [94] predicted that the genes encoding cytochrome bd-II were transferred laterally into the genome. The cytochrome bd phylogenetic trees indicate that although most organisms of the gamma subclass contain a cytochrome bd similar to the two cytochrome bd sequences in E. coli, some of them (S. typhimurium, V. cholerae) also contain at least one other cytochrome bd sequence that is more closely related to those found in the cyanobacteria and the archaeal halobacteria. Although the phylogenetic tree based on subunit I sequences was created without using the Q-loop region of sequence, this separation of the gamma subclass is supported by the lack of the C-terminal portion of the Q-loop in P. aeruginosa cytochrome bd (this portion of the sequence is not available for StbdII), in contrast to all the other cytochrome bd sequences from the gamma subclass of proteobacteria. Since the only cytochrome bd sequence known from P. aeruginosa clusters within this divergent group, this further predicts that complete sequencing of its genome will reveal a second cytochrome bd more closely related to the E. coli cytochrome bd sequences. It is worth noting that the P. aeruginosa cytochrome bd is proposed not to contain heme d, but, to utilize heme b instead [22] . This may prove to be a common feature of this grouping. Utilization of di¡erent heme groups for the same function has been extensively observed in the heme^copper oxidases [11] .
Cytochrome bd sequences from the more ancient bacteria and archaea also provide ample evidence of lateral gene transfers. The ancient hyperthermophilic bacterium T. maritima is found in the middle of the gamma subclass of proteobacteria in the tree based on subunit I (Fig. 7) . Likewise, the most ancient bacterium on the tree, Aquifex aeolicus, instead of clustering close to the archaea as expected, is found with C. jejuni, an epsilon subclass proteobacterium, and P. gingivalis, a member of the cytophagales. The archaeal halobacteria sequences are more related to the cyanobacteria and to some of the Gram-negative sequences than to the archaeon A. fulgidus. Similarly, A. fulgidus exhibits greater similarity to the low (G+C)-content Gram-positive bacteria than to the archaeal halobacteria sequences. This can only be explained by there having been a substantial amount of horizontal transfer [95] of cytochrome bd genes between domains, similar to other phylogenetic analyses of proteins that have placed archaeal branches among those of the low (G+C)-content Gram-positive bacteria [96] . The mode of horizontal gene transfer is, perhaps, more clear in the archaeal halobacteria, since it has been suggested that the plasmid on which the cytochrome bd sequences of Halobacterium sp. NRC-1 are found may be particularly susceptible to transfer between both archaea and bacteria [97] .
As more sequence data are made available, though, it is becoming apparent that phylogenetic analysis of a single protein often fails to completely support the 16sRNA phylogeny, particularly if the enzyme studied is metabolic (cytochrome bd) or biosynthetic in function as opposed to informational (16sRNA) [96] . Often, lateral transfer of genes is predicted to have occurred and models are clearly emerging that the contents of genomes are highly dynamic. For example, in the 100 million years that E. coli has been evolving, approximately 1400 kb of DNA has been transferred into and 1400 kb has been lost from its genome [94, 98] . The size, but not the contents, of the genome has remained relatively constant. Along these same lines, the phylogenetic trees reported here for cytochrome bd reveal no clear separation between the bacteria and archaea, in agreement with [91^93] , but in contrast to what would be expected if the canonical 16sRNA tree were observed [99, 100] . The trees are consistent, however, with the annealing theory of genomes, which states that the last common ancestor implied by the phylogenetic trees was actually a number of organisms with very high rates of horizontal gene transfer [101] .
Phylogenetic analyses of the heme^copper oxidases have been used to show that a mutual ancestor of the archeal and bacterial enzymes was present before atmospheric oxygen became abundant, i.e., before photosynthesis arose [102, 103] . Due to the apparent high degree of lateral gene transfer of cytochrome bd between organisms, however, the phylogenetic analyses presented here are unable to provide further evidence either for or against this intriguing hypothesis. It is hoped that as more sequences become available, studies of the phylogeny of cytochrome bd will be able to contribute to this debate.
